(Received 9 November 2011; accepted 12 January 2012; published online 1 February 2012) Grain boundaries, the characteristic topological defects of chemical vapor deposition grown graphene samples, are expected to substantially alter the electronic properties of the unperturbed graphene lattice. However, there is very little experimental insight into the underlying mechanisms. Here, we systematically map the electronic properties of individual graphene grain boundaries by scanning tunneling microscopy and spatially resolved tunneling spectroscopy measurements. The tunneling spectroscopy data reveal that the conductivity inside the boundaries is markedly suppressed for both electron and hole-type charge carriers. Furthermore, graphene grain boundaries can give rise to n-type inversion channels within the p-doped graphene sheets, forming p-n junctions with sharp interfaces on the nanometer scale. These properties persist for grain boundaries of various configurations and are robust against structural disorder. Grain boundaries (GBs) of the two-dimensional graphene lattice are topological line-defects consisting of nonhexagonal carbon rings as evidenced by aberration corrected high resolution TEM investigations. 1 They are ubiquitous in graphene samples grown by chemical vapor deposition (CVD) and are expected to further enrich the unique electronic properties of the defect-free graphene lattice. 2, 3 The CVD synthesis method and consequently dealing with grain boundaries are also of high practical relevance, as it allows the growth of wafer-scale continuous single layer samples. 4 However, a fundamental challenge of this technique is that the electrical quality (conductivity, charge carrier mobility) of the as-grown graphene samples falls behind by about an order of magnitude as compared to mechanically exfoliated graphene. 3, 5 There is growing evidence that the presence of grain boundaries is responsible for the degradation of the intrinsic electronic performance of these samples. 2, 3, 6 In a simple qualitative picture, the defective grain boundaries can be perceived as structural barriers impeding the propagation of the charge carriers. However, very little is known about the underlying mechanism, which is of particular importance in our efforts towards understanding and ultimately controlling electronic transport in the presence of GBs.
In this work, we employ local probe methods, namely, scanning tunneling microscopy (STM) and spectroscopy (STS) measurements, which allow us to locally explore the electronic behavior of individual graphene grain boundaries at the nanometer scale.
The graphene samples used in this study have been prepared by the CVD technique, known to yield polycrystalline samples with a relatively high density of grain boundaries. 1, 4, 7 Copper single crystal substrates as well as polycrystalline copper foils have been introduced into a furnace and annealed at 990 C in hydrogen atmosphere (2 sccm) for 30 min. The graphene was grown by letting in CH 4 gas (35 sccm) for 1 min. Afterwards the system was cooled down to room temperature at a cooling rate of 50 K/min. The presence of a continuous graphene single layer covering the surface of the copper substrate after the growth was verified by Raman spectroscopy. Scanning tunneling microscopy and spectroscopy measurements have been performed on the asgrown samples under ambient conditions, without any further processing (e.g., transfer or electrode patterning). As can be seen from Fig. 1 , the grain boundaries of graphene can be identified in the STM images as linear (2012) defective features perturbing the hexagonal graphene lattice along more or less straight lines. They can appear both in light and dark contrast resulting from the complex interplay between the topography and electronic properties of the GB as well as the STM imaging conditions. Atomic resolution images reveal that indeed the crystallographic orientations of the honeycomb lattices on the two sides of such a line-defect are rotated relative to each other confirming the tilt nature of the grain boundary. The GB angle can be determined either in direct space or much more conveniently by generating the Fourier-transformed (FT) image (inset of Fig. 1 ). The angle of rotation between the two hexagons in the FT image gives the tilt angle of the boundary connecting the left and the right grain in Fig. 1 . For this particular boundary, the tilt angle was found to be h ¼ 25 . A closer examination of the STM image in Fig. 1 reveals the presence of superstructures in the vicinity of the GBs (e.g. marked by the white square). These superstructures can be understood considering the scattering and interference of the charge carriers on the defective grain boundary region, 8, 9 revealing that the dominant scattering mechanism at graphene grain boundaries is the short-range, inter-valley scattering. This finding is in good agreement with a recent experimental work reporting the observation of prominent weak localization in electronic transport through individual graphene grain boundaries, which also identifies grain boundaries as the primary source of inter-valley scattering in graphene. 3, 6 In Fig. 2(a), a 29 grain boundary is shown in atomic resolution, displaying a bright contrast along the boundary region. In contrast to HR-TEM imaging, the exact atomic structure of the GB cannot be directly resolved in atomic resolution STM images since local electronic effects distort the atomic picture at the GB. [10] [11] [12] However, this drawback is also one of the biggest advantages of this method, allowing access to study the electronic properties of the GBs. In order to achieve this, we have performed spatially resolved tunneling spectroscopy on individual graphene grain boundaries. In this operation mode, individual tunneling I-V characteristics are acquired with the tip fixed over a specific location of the sample and the sample voltage ramped within a given window while measuring the corresponding tunnel current. During the mapping, the STM tip is moved between adjacent I-V measurement locations by keeping the tip-height (z-position) constant with a good approximation. The constant height measurement mode (instead of constant current) allows us to directly compare the conductivity of the grain boundary with the defect-free graphene areas. Fig.  2(b) shows the tunneling conductivity map obtained by plotting the numerical derivative of each individual currentvoltage characteristic plotted at V bias ¼ þ338 mV. From the map in Fig. 2(b) , it is apparent that the conductivity is markedly suppressed at the grain boundary within a region of a few nanometers. This behavior persists upon changing the polarity of the sample bias, indicating that the conductivity is suppressed for both electron and holetype charge carriers.
Individual current voltage characteristics of the two regions are shown in Fig. 2(d) . It is apparent that the 
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Tapasztó et al. Appl. Phys. Lett. 100, 053114 (2012) conductivity within the grain boundary is about an order of magnitude lower as compared to the defect-free graphene lattice. This implies that from the electrical point of view, the interconnected GB network divides the graphene sample into highly conductive single crystalline islands delimited by more resistive interface regions of a few (3-5) nanometer widths. These findings are in agreement with transport measurements reporting that the inter-grain conductivity (across a GB) was found to be reduced by approximately an order of magnitude as compared to the intra grain conductivity (no GB). 3, 6 We have also mapped the spatial distribution of the tunneling conductivity (LDOS) minima position. Since our tunneling spectra show no signature of gap-like features, 13 the conductivity minima is expected to correlate with the position of the Dirac point. [14] [15] [16] The position of the Dirac point relative to the Fermi energy (zero bias) is indicative of the local doping. 15, 17 A striking difference has been revealed in the position of the Dirac point at the grain boundaries and over the defect free graphene lattice, as apparent form Fig.  2(c) . The unperturbed graphene lattice was found to be p-doped (Dirac point at þ100 mV, corresponding to a hole density of about 7 Â 10 11 cm À2 ) in agreement with various transport measurements on CVD grown graphene samples under ambient conditions. 3, 17 By contrast, at the grain boundaries, the Dirac point is located around À80 mV, corresponding to a pronounced n-doping of 5 Â 10 11 cm À2 . According to these results, the GBs of CVD graphene form n-doped inversion channels within the overall p-doped graphene lattice. The origin of this phenomenon can be attributed to the self doping, whereupon a charge transfer occurs between the defect-free graphene lattice and the nonhexagonal carbon rings making up the grain boundary. 18, 19 An additional source of doping could come from functional groups or adsorbates, which preferentially attach to the defective grain boundaries. Regardless of the doping source, the inversion channels introduce a series on p-n-p junctions in the polycrystalline graphene samples. The presence of these inversion channels and p-n junctions can be exploited in various applications, opening the way towards designing nanoelectronic devices based on graphene grain boundaries. In the p-n junctions created so far by chemical doping 20 or electrostatic dual gating, 21 the carrier concentration changed smoothly on the nano-scale (even up to micro-scale), while in the case of graphene grain boundaries reported here, the doping profile changes abruptly within a few nanometers. Sharp, step-like p-n interfaces in graphene are of great importance as they are required for the experimental study of several intriguing phenomena, such as Klein tunneling 22 and could make feasible the realization of a series of devices, from Veselago lenses 23 to electronic waveguides, 24 which were experimentally inaccessible so far.
Moreover, the above findings of suppressed conductivity and local-doping have been confirmed for several individual grain boundaries with various tilt angles (atomic structure) and grown on different substrates (Cu single crystal, Cu foil). This evidences that the above reported electronic properties of graphene grain boundaries are quite universal and robust, which is somehow in contrast with the theoretical expectations predicting that the properties of GBs sensitively depend on their precise atomic structure. 2 The reason for this apparent discrepancy is probably due to the fact that theoretical works model GBs as periodic arrays of dislocations, 
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Tapasztó et al. Appl. Phys. Lett. 100, 053114 (2012) while the experimentally investigated grain boundaries are usually neither straight nor periodic and contain a significant amount of disorder. In order to illustrate the universal nature and robustness of the observed electronic behavior of graphene GBs in Fig. 3 , we show a grain boundary triple junction consisting of three distinct grain boundaries with tilt angles of 27 , 21 , and 12
. As can be seen the conductivity maps and doping profiles are quite similar for all three GBs, underscoring the universal character of the reported phenomena. Here, we note that the intensity of self doping is not always sufficient to introduce an inversion channel (p-n-p junction) often it only gives rise p-p 0 -p junctions, where p > p 0 . These findings shed some light on the origin of the electronic behavior of graphene grain boundaries and could open the way towards the realization of a series of devices exploiting the grain boundaries for tailoring the electronic transport in graphene at the nano-scale.
